We studied experimentally the effect of a stripe-like domain structure in a ferromagnetic BaFe12O19 substrate on the magnetoresistance of a superconducting Pb microbridge. The system was designed in such a way that the bridge is oriented perpendicular to the domain walls. It is demonstrated that depending on the ratio between the amplitude of the nonuniform magnetic field B0, induced by the ferromagnet, and the upper critical field Hc2 of the superconducting material, the regions of the reverse-domain superconductivity in the H − T plane can be isolated or can overlap (H is the external magnetic field, T is temperature). The latter case corresponds to the condition B0/Hc2 < 1 and results in the formation of superconductivity above the magnetic domains of both polarities. We discovered the regime of edge-assisted reverse-domain superconductivity, corresponding to localized superconductivity near the edges of the bridge above the compensated magnetic domains. Direct verification of the formation of inhomogeneous superconducting states and external-field-controlled switching between normal state and inhomogeneous superconductivity were obtained by low-temperature scanning laser microscopy.
I. INTRODUCTION
Recent advances in fabrication technology have made it possible to realize superconductor-ferromagnet (S/F) hybrid structures with a controlled arrangement of the ferromagnetic layers/elements. These flux-coupled and exchange-coupled S/F hybrids [1] [2] [3] [4] are of fundamental interest for investigations of the nontrivial interaction between superconductivity and a nonuniform distribution of a local magnetic field (or magnetization). Furthermore, S/F hybrids seem to be potential candidates for the development of tunable elements of superconducting electronics. 4 In this paper we focus only on the planar S/F structures, consisting of a low-T c superconducting film and a ferromagnetic layer with a domain structure with a dominant magnetostatic interaction between superconducting and ferromagnetic films.
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The nonuniform component of the magnetic field, induced by a ferromagnet, can modify the conditions for the appearance of superconductivity in thin superconducting films due to the effect of field compensation. The formation of localized superconductivity in the areas of compensated magnetic field [31] [32] [33] results in an exotic dependence of the superconducting critical temperature T c on the external magnetic field H, applied perpendicular to the thin film plane. This phase transition line T c vs. H for planar S/F hybrids becomes non-monotonous [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [32] [33] [34] [35] and thus, it differs significantly from the standard linear dependence of the upper critical field H c2 on temperature T , which can be written as
Here T c0 is the critical temperature of the superconducting transition at zero magnetic field, H
c2 = Φ 0 /(2πξ 2 0 ) and ξ 0 are upper critical field and coherence length at T = 0, respectively, and Φ 0 = π c/e is the magnetic flux quantum. Such dependence given by Eq. (1) is inherent for plain superconducting films in a uniform magnetic field H and shown by the dashed line in Fig. 1 .
Considering qualitatively the effect of an inhomogeneous magnetic field, which varies periodically from +B 0 (above positive magnetic domains) to −B 0 (above negative domains) and remains constant inside the domains, one can expect two different phase transition lines
, (positive domains),
, (negative domains).
These two different transition lines correspond to the formation of superconductivity in the areas where the perpendicular z−component of the nonuniform magnetic field is positive, Eq. (2), or negative, Eq. (3). The phase diagram H − T , composed according to Eqs. (2)- (3) , is shown in Fig. 1 . An inhomogeneous superconducting state trapped only within the areas above the domains of the opposite polarity with respect to the sign of H, is commonly referred to as reverse-domain superconductivity (RDS). [8] [9] [10] [11] [12] 34 In order to guarantee the formation of such RDS exclusively above either positive domains (at H < 0) or above negative domains (at H > 0), one should satisfy B 0 /H c2 > 1 (i.e., at high temperatures or/and large B 0 values). Such separated regions of RDS above the domains of different signs were observed experimentally [10] [11] [12] [13] [14] 18 Fig. 1 ), since both criteria for the formation of inhomogeneous superconductivity above both magnetic domains, |H − B 0 | < H c2 and |H + B 0 | < H c2 , can be fulfilled simultaneously -provided
The threshold temperature T * of the crossover from simple RDS to a complex state consisting of RDS in the compensated regions and parallel domain superconductivity (PDS) in the regions with enhanced magnetic field corresponds to the intersection point of the dependencies T 
Such an inhomogeneous superconducting state, potentially observed in the H range described by Eq. (4) and characterized by a development of superconductivity above magnetic domains of both polarities, can be also called complete superconductivity (CS).
For superconducting samples of finite lateral dimensions one can expect the appearance of surface superconductivity, 36, 37 i.e. superconductivity localized near the sample edges even in the presence of a nonuniform magnetic field. In the first approximation, the phase transition line for such anticipated edge-assisted (EA) superconductivity can be described by the shifted H c3 dependencies
where the signs +/− correspond to edge-assisted superconductivity above positive/negative magnetic domains, respectively. This means that superconductivity near the sample's edges will survive until the local field exceeds the critical field of surface superconductivity H c3 = 1.69 H c2 . Furthermore, the presence of the domain walls stimulates the formation of domain-wall superconductivity (DWS) for moderate fields, |H| ≤ B 0 . 33, 35 It has been shown that for thin superconducting films (in the (x, y) plane) in a perpendicular magnetic field B z = H +b z (x) with a steplike component b z (x) = B 0 sign(x) induced by a domain wall, nucleation of the superconducting order parameter along the domain wall (at x = 0) becomes possible below the phase transition line 
− T
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Thus, the set of possible nonuniform superconducting solutions in flux-coupled S/F hybrids has to include the following states: domain-wall superconductivity (DWS), "bulk" RDS and PDS above either positive or negative domains, edge-assisted RDS and PDS above either positive or negative domains, and CS above the domains of both polarities. In this paper we present an experimental study of the temperature-and field-induced crossover between the different regimes of bulk and localized superconductivity in S/F hybrid structures, consisting of a thin superconducting Pb film on top of a bulk ferromagnetic BaFe 12 O 19 single crystal with a well defined stripe-like domain structure. In order to exclude percolation effects and electrical shunting arising from different superconducting states, we prepared the hybrid S/F structure such that the domain walls are oriented across the superconducting microbridge. As a result, the current density is distributed over the entire cross-section of the microbridge, what allows us to detect variations of the voltage drop associated with the appearance/destruction of inhomogeneous superconductivity of various types.
II. MAGNETIC PROPERTIES OF THE FERROMAGNETIC SUBSTRATE
For the creation of a static nonuniform magnetic field with a well-defined domain structure, we used bulk ferromagnetic crystals BaFe 12 O 19 (BFO). When cut along the proper crystallographic direction, these BFO crystals exhibit a stripe-type domain structure with dominant inplane magnetization and a relatively small out-of-plane component of magnetization. [12] [13] [14] 18 Measurements with a vibrating sample magnetometer revealed that at low temperatures the magnetization of the used crystal depends almost linearly on the applied perpendicular magnetic field, and that it saturates at H ≃ 17 kOe (see Fig. 2 ). This means that external magnetic field |H| ≤ 1.5 kOe, which corresponds to the range of the H-sweeps in our measurements, can only be of minor influence on the domain structure, since the variation of magnetization of the substrate is expected to be not more than 9% of the saturated magnetization.
The spatial two-dimensional (2D) distribution of the perpendicular z−component of the magnetic field b z , induced by the laminar domain structure, was imaged with a scanning Hall probe microscope 39 (Fig. 3) . By analyzing the 2D patterns of b z (x, y), which corresponds to the difference between the locally measured field B z (x, y) of the crystals and the external magnetic field H [panels (a)-(b)], we come to the following conclusions:
(i) the domain walls remain rectilinear even in the presence of an external field;
(ii) the effect of the external field is limited mainly to a small displacement of the domain walls as H varies, leading to a broadening of the positive magnetic domains at H > 0 at the expense of the negative magnetic domains, and vice versa. The 1D profile of the stray field b z along a line perpendicular to the domain walls is shown in Fig. 3 (c). We find that an external field of the order of 1 kOe shifts the points b z ≃ 0 at maximum 3 µm, which is much less than the equilibrium domain width of 30 µm, without substantial changes in both the shape of the domain wall and the amplitude of the built-in magnetic field. This allows us to consider the field pattern as almost independent on H.
III. SUPERCONDUCTING PROPERTIES OF THE S/F BILAYER
Sample preparation. After polishing the cut-surfaces of the BFO crystals, we prepared lithographically an array of metallic Au markers (2 × 2 µm in size) on top of the ferromagnetic template. The location of the domain walls with respect to the periodically positioned Au markers was determined with a magnetic force microscope (MFM) at room temperature. A thin insulating Ge layer (4 nm thick) was evaporated in order to prevent exchange interaction and proximity effect between the superconducting and ferromagnetic layers. Finally, two Pb bridges oriented across the domain walls were fabricated by means of e-beam lithography, molecular beam epitaxy and lift-off technique in a single run on the same substrate. These superconducting bridges have the same width (30 µm) and thickness (40 nm) and differ only by their lengths: 100 µm for the short bridge and 700 µm for the long bridge, resulting in different numbers of domain walls (4 and 24, respectively) in the narrow part of the bridges. A combination of an optical and an MFM image of the short Pb bridge is presented in Fig. 4 .
Magnetoresistive curves R(H).
Measurements of the dc electrical resistance R of both the short and the long superconducting Pb bridges as a function of temperature T , H (applied perpendicularly to the plane of the structures) and the bias current I, were carried out in a commercial Oxford Instruments cryostat using a conventional four-terminal configuration.
Typical R(H) curves measured at I = 100 µA are shown in Fig. 5(a) . The appearance of two symmetrical minima in R(H) at T = 7.20 K corresponds to RDS above the domains of opposite polarity. Taking the positions of the R minima, one can estimate the amplitude of the nonuniform magnetic field B 0 inside the superconducting bridge to 480 Oe. The observed linear increase in the width of the R minima with decreasing temperature (compare the curves from T = 7.20 K, and to 6.50 K) allows us to prove the usual relationship 
c2 value for Pb is substantially higher than B 0 at low temperatures. The ratio B 0 /H (0) c2 ≃ 0.2 gives us the temperature of the anticipated crossover T * = 5.70 K between RDS and CS. The R(H) at T = 5.70 K confirms this simple estimate since the sample resistance vanishes for T < 5.70 K at H = 0 which indicates CS. Considering the R(H) curves at rather low temperatures (T < T * ), one can see that the transition from the superconducting to the normal state upon increasing |H| from zero occurs in two stages. The first stage and an appearance of nonzero resistance can be attributed to the suppression of bulk PDS above the parallel domains since the position of this anomaly corresponds to Eqs. (2)-(3). However, due to the presence of a continuous superconducting path along the sample edges attributed to edge-assisted superconductivity (PDS), the resistance increases slowly as H increases. The exclusive survival of RDS above opposite domains at larger H explains the rise in the total sample's resistance R up to 50-60% from the normal state resistance R n (curves 4.50 K, 4.90 K, 5.30 K and 5.70 K). Indeed, for the considered topology of the magnetic field, the superconducting and normal regions are connected in series and, therefore, R should reflect the ratio between the volume of the bridge in the (c) Schematic presentation of the different regimes of inhomogeneous superconductivity in the considered system. Bright and dark areas correspond to positive and negative magnetic domains respectively, shaded areas depict the expected superconducting regions: I and II -EA-RDS above positive and negative magnetic domains, respectively; III -complex state consisting of DWS and EA-RDS; IV and V -bulk RDS above positive and negative domains, respectively; VI and VII -complex states consisting of RDS and EA-PDS above positive and negative domains, respectively; VIII -complete superconductivity in the entire sample, consisting of RDS and PDS.
normal state and the total volume of the bridge. We observe that in the developed RDS state R is not constant but slightly increases with |H|. This finding can be attributed to the external-field-induced shrinkage of the reverse domains. However, even when bulk RDS is suppressed, the resistance is still lower than the normal resistance. Such a resistive state observed at low temperature and high field, can be attributed to the formation of compensated superconductivity above magnetic domains of opposite polarity but localized near the edge of the sample. In the following, this state will be referred to as edge-assisted RDS. Apparently, such states can exist until the local magnetic field above the opposite domains |H − B 0 | exceeds the critical field of surface superconductivity H c3 = 1.69H c2 at a given temperature. 36, 37 The position of the critical fields |H c2 + B 0 | and |H c3 + B 0 |, which determine the shape of the magnetoresistive curve, are shown in Fig. 5(b) for T = 6.10 K. For instance, the experimentally determined ratio H c3 /H c2 for T = 6.10 K is close to 1.77, supporting our interpretation.
H − T diagram. A full H − T diagram for the long bridge, composed from isothermal R(H) measurements, is presented in Fig. 6(a) . A similar diagram for the short bridge is not given since both S/F hybrid samples showed almost identical behavior. The interpretation of all distinctive regions of this diagram is given in Fig. 6(b) .
We explain the initial deviation of the resistance from the normal value R n by the formation of the edge-assisted RDS for large H. Such states I and II are shown schematically in Fig. 6(c) . For moderate H, superconductivity can appear in the form of a complex state consisting of edge-assisted superconductivity and DWS (pattern III). According to our expectations, the localized superconductivity in the latter case (|H| < B 0 ) appears above the phase transition line depicted by Eq. (6), since the We use the same color scheme as in Fig. 6(a) .
critical temperature for DWS induced by the domain walls of a finite width should be always higher than that for infinitely narrow domain walls. Interestingly, in the overcompensated regime (|H| > B 0 ), the position of the shifted H c3 line, Eq. (5), coincides with the level curve R(H, T ) = 0.98 R n . The next stages of decreasing resistance with decreasing temperature at |H| ∼ B 0 have to be associated with the appearance of bulk RDS in the compensated regions (patterns IV and V). The corresponding phase boundaries are given by Eqs. (2)- (3) and are shown by black dashed lines in Fig. 6(b) . For temperatures below than the transition line given by Eq. (5), in addition to RDS inhomogeneous superconductivity in the form of edge-assisted PDS also appears in the regions with enhanced magnetic field (patterns VI and VII). Inside the region VIII in the H − T diagram, where areas of inhomogeneous superconductivity for the different domains start to overlap, the total absence of electrical resistance indicates the appearance of CS. Thus, in our transport measurements, we clearly observed the switching between different regimes of localized superconductivity upon variation of H and T .
Critical currents. A bias current I can suppress the different modes of nonuniform superconductivity in the considered S/F system in various ways. The effect of H and I on the current (I) -voltage (V ) dependencies and on the dc resistance R = V /I are illustrated in Figs. 7 and 8. We observed that the state of RDS is more robust with respect to current injection than the state of CS, since in the latter case the bias current can first destroy the weakly-developed superconductivity above parallel magnetic domains (i.e., above positive domains at H > 0 and vice versa), where the local magnetic field is maximal.
In order to evaluate the critical current destroying CS and RDS, we consider the effect of T on the I − V dependencies (Fig. 8 ) measured at H = 0 and |H| ≃ B 0 (i.e. close to the compensation field). One can see that the state with zero resistance, which is inherent to CS, can be destroyed if I exceeds a threshold value I CS c . Taking (I CS ) we plotted the positions of the maximal differential resistance on the I − V dependencies measured at H = 480 Oe (H = 0) both for the long and short bridges; I < 0 and I > 0 denote the negative and positive branches of the corresponding I − V curves (Fig. 8) . The dashed lines are guides to the eyes.
terization of the critical current I RDS c , corresponding to the suppression of the developed RDS at the compensation field (|H| ≃ B 0 ), we traced the position of the jump on the I − V curves at H = 480 Oe upon increasing T (panel (a) in Fig. 8 ). Indeed, this estimate seems to be reasonable for the describing of the current-induced destruction of inhomogeneous superconductivity under the condition when the minimal resistance of the investigated sample in the superconducting state is finite (of the order of 50%R n ). The dependencies of the both estimated critical currents I RDS c and I
RDS c
as a function of T are presented in Fig. 9 .
IV. VISUALIZATION OF NONUNIFORM SUPERCONDUCTING STATES BY SCANNING LASER MICROSCOPY
In order to image the inhomogeneous superconducting states trapped by the nonuniform magnetic field we used low-temperature scanning laser microscopy (LTSLM).
The principle of operation of LTSLM can be introduced as follows.
9,40-43 The hybrid S/F samples were mounted on the cold finger of a Helium gas flow cryostat, which is equipped with optical windows to enable laser irradiation. An amplitude modulated laser beam (wave length 680 nm, modulation frequency 10 kHz) heats locally the superconducting sample within a spot with a diameter of 1.5 − 2 µm. This value is determined by the diameter of the focused incident beam and by the thermal conductivity of the tested bilayer sample. 41 The incident beam intensity power on the sample surface (up to ∼ 25 µW) appears to be high enough to provide a maximum beaminduced increase in temperature ∆T ∼ 0.1 − 0.2 K, leading to a local suppression of superconductivity within this hot spot. We assume that the effect of the laser irradiation should be uniform across the superconducting film thickness since the thickness of the Pb film (40 nm) is much smaller than the lateral spot size. In our LTSLM measurements we apply a constant bias current and measure the beam-induced voltage drop ∆V along the entire bridge by lock-in technique. A set of scanning mirrors allows us to control the position (x, y) of the spot and thus, to obtain the position-dependent 2D map of the LTSLM signal: ∆V = ∆V (x, y). The LTSLM voltage signal can be interpreted as follows. If the laser spot heats an area of the bridge which is in the normal resistive state, the beam-induced perturbation of the local temperature causes only a very small change in the total resistance, since ∂R n /∂T is very small. However, if the irradiated part of the bridge is in the superconducting state and it took part in the transfer of a substantial part of the supercurrents, the beaminduced suppression of superconductivity might switch the whole sample from a low-resistive state to a highresistive state. In other words, the LTSLM technique makes it possible to map out the ability of the sample to carry supercurrents. Comparing the LTSLM responses upon varying H and T , one can trace the evolution of local superconducting properties in the investigated system.
For the observation of the different regimes of inhomogeneous superconductivity in the long Pb/BFO hybrid samples, we applied a constant current of I = 300 µA and the field was varied in the range between H = ±1350 Oe. Figure 10 shows the LTSLM images obtained at T = 4.60 K, which is below the crossover temperature T * = 5.70 K. For |H| ≤ 130 Oe the measured responses have no detectable variations [see panels (a), (b1) and (b2)]. Apparently, at these points inside the CS state in the H − T diagram, the intensity of the laser beam is insufficient for the destruction of the developed bulk superconductivity.
According to our estimates, at T = 4.60 K, the depletion of superconductivity above the parallel magnetic domains should occur at |H| > ∼ 350 Oe. This means that near the "CS-RDS" transition line the areas above the parallel domains have to be in the resistive state, while the areas above the opposite domains are still in the superconducting state. As a result, the maxima in the LTSLM response at H = 400 Oe should be attributed solely to the non-superconducting regions above the positive domains [panels (c2), (d2)]. Correspondingly, at H = −400 Oe the resistive areas above negative domains are responsible for the beam-induced voltage [panels (c1), (d1)]. At higher H values (i.e. deeper in the RDS areas in the H − T diagram) superconductivity survives exclusively above the opposite domains and such compensated superconductivity is strong enough not to be destroyed by the laser beam of the given intensity. However, close to the transition line "RDS -edge-assisted RDS" the reverse-domain superconductivity becomes weaker and can be affected by the laser beam. Therefore, the bright areas in the corresponding LTSLM signal originate from the regions with the compensated magnetic field above the opposite domains. The inversion of the H sign immediately results in a switching between enhanced reverse-domain superconductivity and depleted parallel-domain superconductivity for the same areas of the superconducting bridge [panels (e1-e2) and (f1-f2)]. Thus, all findings concerning the migration of the maximal beam-induced voltage along the Pb bridge upon varying H are in agreement with our transport measurements.
We would like to note that the LTSLM images [panels (c1-f1) and (c2-f2) in Fig. 10 ] reveal an inhomogeneity of the beam-induced voltage across the width of the bridge. Indeed, the ∆V maxima are always located near the edges of the bridge. At the present moment we have no reliable interpretation of this effect. Probably, it can be explained by the current enhancement near the sample edges, typical for plain superconducting bridges, 44, 45 or by a suppression of the energy barrier for flux entry or exit for superconductors in the developed mixed state. Another possible explanation for the pronounced edge signal is the manifestation of edge-assisted PDS, since such edge-assisted PDS states seem to be the states with weakest superconductivity. Finally, the edge signal can be explained by a hampered heat diffusion and, correspondingly, a larger heating effect of the beam focused near the edges as compared to that in the interior of the bridge. In any case, this issue requires a detailed theoretical treatment which is beyond the scope of the present work.
At T = 5.50 K, close to the crossover temperature, a voltage signal can be detected at H = 0. The amplitude of the built-in magnetic field is close to the corresponding upper critical field and therefore even a weak optical influence can substantially suppress bulk superconductivity equally above the domains of both polarities. Upon increasing |H| we successively observe the responses from the parallel domains [panels (b1) and (b2-c2)] and from the antiparallel domains [panels (d1-f1) and (d2-f2)], similar to that described above.
Further increase in temperature above the crossover temperature could allow us to detect the domain-wall superconductivity at H = 0, since the masking background signal from CS and the edge-assisted RDS are turned off. The evolution of the beam-induced voltage upon increasing T is presented in Fig. 12 , where we show line scans ∆V (x) along the bridge, close to the bottom edge of the bridge. We did not find any noticeable increase in the LTSLM response near the domain walls for the considered S/F system. We would like to mention that the DWS state was observed for a similar Pb bridge oriented along the domain wall using the same LTSLM technique.
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V. CONCLUSION
We presented a detailed experimental study of the superconducting properties of thin-film superconducting Pb microbridges in the presence of a nonuniform magnetic field of the laminar domain structure in ferromagnetic BaFe 12 O 19 crystals. Such ferromagnets generate rather strong stray fields and the parameters of this field (amplitude and period) are almost independent on the applied magnetic field H in the considered H range. We focused on the case when the domain walls are oriented perpendicular to the bridge in order to avoid electrical shunting and masking of less developed superconducting states by more favorable states during transport measurements. It was demonstrated that, at high temperatures superconductivity appears in the form of reversedomain superconductivity only above magnetic domains of opposite polarity with respect to the H sign. Below the crossover temperature T * , defined as H c2 (T * ) = B 0 , superconductivity can nucleate both above antipar-allel and parallel magnetic domains (B 0 is the amplitude of the perpendicular component of the nonuniform field, H c2 = H (0) c2 (1 − T /T c0 ) is the temperaturedependent upper critical field). Indeed, at T < T * the regions of inhomogeneous superconductivity above positive and negative domains overlap in the H − T plane, resulting in so-called complete (or global) superconductivity and in the vanishing total electrical resistance of the hybrid sample. We also found experimental evidences for the regimes of edge-assisted reverse-domain superconductivity and edge-assisted parallel-domain superconductivity, corresponding to localized superconductivity near the edges of the bridge above the regions with compensated and enhanced magnetic field, respectively. We experimentally determined the critical currents, corresponding to the suppression of the localized superconductivity above parallel and antiparallel magnetic domains in a broad temperature range. The technique of lowtemperature scanning laser microscopy made it possible to directly visualize the temperature-and field-induced transitions from complete superconductivity to reversedomain superconductivity and parallel-domain superconductivity and from these inhomogeneous superconducting states to the normal state.
